Early Universe Cosmology in Internal Relativity 
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We present a new approach to early universe cosmology. Inflation is replaced by a phase transition 
in which both matter and geometry are created simultaneously. We calculate the spectrum of metric 
perturbations and show that it is fiat. We then argue that as a consequence of the dynamic nature 
of the phase transition the spectrum is likely not completely fiat but tilted. We argue that the 
tilt is related to rj, one of the critical exponents characterizing the phase transition. This exponent 
generically lies between 0.03 and 0.06. It thus coincides with the observed tilt of the perturbation 
spectrum. Because the critical exponent is related to the presence of an additional small length 
scale we argue that the deviation of the observed spectrum from flatness might be an experimental 
indication that our world is in fact discrete. 

PACS numbers: 



I. INTRODUCTION 

With the advent of precision measurements of the mi- 
crowave background cosmology has entered a new era. 
Cosmological theories are now very well constrained by 
experimental data. The current paradigm for early uni- 
verse cosmology is Inflation. Inflation posits that in the 
early universe there was a period of exponential growth. 
Inflation predicts that as a consequence of this exponen- 
tial grows the spectrum of metric perturbations $ is given 
by 



(1) 



and n s is very close to unity. The spectrum of metric 
perturbations is thus almost flat. This spectrum is in 
fact seen by recent observations of the cosmic microwave 
background The most likely range for the exponent 
is given by 



0.02 < 1 



< 0.05. 



(2) 



In this paper we suggest a completely new paradigm 
for explaining this experimental data. This approach is 
based on a new theory of quantum gravity that we have 
called Internal Relativity jl, 0]. The starting point in 
Internal Relativity is a condensed matter model like the 
Heisenberg model in three dimensions. Internal Relativ- 
ity then asks and answers the question of how the physics 
of this model looks like when viewed from the point of 
view of an internal observer. It is because of this inter- 
nal perspective that special relativity appears in a model 
that has a preferred time and a lattice as its foundation. 
In [3[ we have furthermore shown that generically an in- 
ternal observer finds a curved Lorentzian manifold. In 
this paper we want to exploit the fact that the under- 
lying model is a condensed matter model that can have 
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FIG. 1: In Internal Relativity a curved Lorentzian manifold 
is constructed from an underlying condensed matter model. 
The process that we are interested in in this paper is the 
emergence of the ordered phase B that looks like a Lorentzian 
manifold through a phase transition from an unordered phase 
A. In this article we investigate the consequences of the phase 
transition. How does the phase transition look to an observer 
in the ordered phase B? 



different phases that are separated by a phase transition. 
Let us assume that the phase that looks like a curved 
manifold to an internal observer is characterized by an 
order parameter 9. If this ordered phase came to exist 
through a phase transition from an unordered phase then 
we can ask how this transition looks like to the observer 
in the ordered phase (see figure [I}. We claim that what 
this local observer will see when she looks towards the 
phase transition is in fact a flat spectrum. 

The argument leading to this insight is rather straight 
forward. The main input from our quantum theory of 
gravity is the direct connection it gives between the or- 
der parameter 9 and the Newtonian potential $. In the 
cosmological context the Newtonian potential equals the 
scalar perturbation of the metric tensor. It is an advan- 
tage of Internal Relativity that it allows for this direct 
connection between a parameter in the fundamental the- 
ory and an observable quantity in the emergent theory. 
Given this connection we then just have to look at the 
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behavior of the order parameter in the vicinity of a phase 
transition. This is a well studied question in condensed 
matter physics and we show that we arrive at the desired 
spectrum. 

The organization of the paper is now as follows. In the 
next four sections we review a number of topics that we 
touch on this paper. We start with a brief look at spec- 
tral analysis in section [Til We pay particular attention 
to the connection between the spectral density and the 
two-point correlation function. Next we give a brief re- 
view of the basics of inflation in section lrTTl We point out 
the basic mechanism with which inflation produces the 
spectrum ((T|) and take special note of the number of free 
parameters in the theory. We also have a look at what in- 
flation has to say about the production of gravity waves. 
In section IIVI we review those parts of Internal Relativ- 
ity that we need in this paper. In particular we focus 
on the relation between the order parameter 6 and the 
Newtonian potential. Then we gather a few facts about 
second order phase transitions in section IVl Of special 
interest here is the behavior of the two-point correlation 
function near a phase transition. Finally we put all the 
ingredients together in section PVTI Using the connection 
between the order parameter and the Newtonian poten- 
tial we show that the spectrum of metric perturbations 
is exactly the one seen in the cosmic microwave back- 
ground, i.e., the spectrum is the one given by equation 

©■ 



the spectrum or variance <5^: 



S}(k) = \ l-k 3 h f (k). 



(6) 



In what follows we will often deal with functions that 
are powers of their arguments. In fact we will only be 
interested in the scaling exponent. Because of this it is 
convenient to note that if a function scales like 



f(x)~x a , 
then its Fourier transform will scale like 
f(k) ~ k-*- a . 

III. INFLATION 



(7) 



(8) 



According to inflation the universe underwent a period 
of exponential expansion during its early history. Infla- 
tion achieves this expansion by adding a new scalar field 
(\> to the theory This scalar field is called the inflaton. 
By introducing 



(9) 



(10) 



II. SPECTRAL ANALYSIS 

To calculate the spectral density 5$ of the order param- 
eter we use one result from statistics. Let / be a random 
field in R 3 . Then we can define two functions describing 
the statistic properties of /. The first one is the spectral 
density hf{k). It is given by 



h f (k) 



lim 

V->oo 



IMfc)! 2 
v 



(3) 



Here fv{x) denotes the function that is equal to / if x 
is in V and zero otherwise. If \v is the characteristic 
function of V, then fy = xv ■ /■ The function fy(k) is 
the Fourier transform of fy . 

The second function describing the statistic properties 
of / is the is the two-point correlation function Gf(x): 



G f (x-y) = (f(x)f(y)). 



(4) 



We will restrict our attention to the homogeneous case 
in which G is only depends on the differance between x 
and y. It turns out that the correlation function Gf(x) 
and the spectral density hf(k) are related by a Fourier 
transform. 

h f (k) = G(k). (5) 
The function that we will be most concerned with is 



d a (j>(d" f (l>d 1 (j>) 



-1/2 



(11) 



where V is the potential for <f>, the energy momentum 
tensor for the inflaton can be written like the energy- 
momentum for a perfect fluid: 



T a $ = (e+p)u a up-p5 a fi 



(12) 



In a homogeneous universe the spatial derivatives can be 
neglected. If furthermore the evolution of <p is slow so 
that the time derivative <f> can be neglected we have 



-p = v (<!>), 



(13) 



i.e. the inflaton acts like a cosmological constant. This is 
how the addition of <fi leads to the exponential expansion. 
To achieve a smooth exit from this inflationary state the 
potential V is chosen in such a way that it is not entirely 
flat but instead has a small slope that the inflaton rolls 
down. It turns out that only two parameters are required 
to capture the essential parts of the potential: 
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(14) 



(15) 



These two parameters are the so called slow-roll param- 
eters. They are free parameters of the theory; chosen to 
fit observation. 
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FIG. 2: Inflation predicts an almost flat spectrum of metric 
perturbations by introducing a new dynamical scale into the 
problem. This scale is the Hubble scale H* 1 . The evolution 
of a mode depends on whether the wavelength A of the mode 
is bigger or smaller then the Hubble horizon. For A < H^ 1 
the curvature of spacetime is of no importance. The spectrum 
of the mode is thus that of a free field in Minkowski space. 
For A > H~ x the evolution of the mode freezes and the am- 
plitude stays essentially constant. The spectrum predicted 
by inflation is thus nearly flat. The fact that the exponential 
grows has to end implies that H changes slightly and leads to 
a slight tilt of the spectrum. 



Inflation arrives at the spectrum in equation ([I]) by in- 
troducing a new dynamical scale into the problem. This 
new scale is the curvature radius during inflation, also 
called the Hubble scale, H -1 . The evolution of a mode in 
this expanding background depends crucially on whether 
the wavelength of the mode is smaller or larger then the 
Hubble scale. For a wavelength much smaller then the 
Hubble scale the curvature of spacetime is not impor- 
tant. The mode propagates as it would in Minkowski 
space. For wavelengths larger than the Hubble scale the 
curvature of spacetime becomes important. In fact the 
evolution of the mode effectively stops on these scales. 
During Inflation the physical wavelength of a given mode 
expands. Even if it starts out at scales smaller then the 
Hubble scale at some point it will cross that scale and ef- 
fectively stop evolving. The amplitude of the mode after 
its wavelength has crossed the horizon is thus given by 
its amplitude when it crossed the horizon (see figure [2|). 

If inflation were eternal the above mechanism would 
lead to a perfectly flat spectrum. Instead the small tilt of 
the potential V leads to a small deviation of the spectrum 
from flatness. It is convenient to introduce the spectral 
index n s in terms of the spectral density by 



1 = 



din 8. 



•!• 



d\nk 



(16) 



In terms of the slow-roll parameters e and ij the spectral 
index for the simplest models of inflation is 



n a -l = -^fa-3e). 



(17) 



(see |4[ for more details.) Equation @ gives the typ- 
ical range for the spectral index when using the above 
formula. 



Another free parameter of inflation is the overall am- 
plitude of the observed spectrum. The microwave back- 
ground is isotropic to one part in 10 5 . Inflation does not 
provide an argument for this number. It too, together 
with the slow-roll parameters, has to be fixed from the 
outside. 

So far we have concentrated on the scalar perturba- 
tions induced by the presence of the inflaton. The same 
arguments that give the spectrum of these scalar per- 
turbations can be applied to calculate the spectrum of 
the perturbations of the metric itself. These tensor per- 
turbations are weaker then the scalar perturbations and 
have thus far not been observed. If we denote by 8\ the 
spectrum of the metric perturbations h then one obtains 
for one scalar field and the simplest model of inflation 
(again, see [4] for details) 



-£ = 0.2 ... 0.3. 

5 h 



(18) 



The metric perturbations are thus roughly an order of 
magnitude weaker than the scalar perturbations. This is 
the reason why they have not yet been observed. Future 
experiments will be sensitive enough to see the metric 
perturbations. 



IV. INTERNAL RELATIVITY 

The most important feature of Internal Relativity is 
that the curved metric is obtained solely from the matter 
content of the emergent theory. In the context of a theory 
with an order parameter 9 we have shown Q that the 
gravitational mass m of a bound object is given by 



/ (V0)-dff, 

Jdc 



(19) 



where 9c is a contour enveloping the object. This formula 
shows that the order parameter 9 is proportional to the 
Newtonian potential. The metric in the presence of a 
non-zero order parameter is then 



ds 2 = (1 + K0)dif - (1 - K9)6 lJ dx l dx 3 



(20) 



where k is a proportionality constant that is of no con- 
cern to us right now. From this expression we see 
that we can identify 9 with the function $ that char- 
acterizes scalar metric perturbations in the longitudinal 
(conformal-Newtonian) gauge 



~ 



(21) 



To find the the spectrum (5| of the metric perturbations 
we then just have to find the spectrum 5$ of the order 
parameter: 



4 



(22) 



From section [11] we know that we can find Sj, by looking 
at the two-point correlation function for 9. 
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TABLE I: Behavior of the correlation function G(a 



TABLE II: The critical exponent rj. 



Temperature 



G(x) 



T > T c 
T = T c 



-d+2-T) 



Because in Internal Relativity the metric is obtained 
from the emergent matter there exists no metric field that 
can fluctuate on its own. Inflation produces measurable 
tensor perturbations of the metric by amplifying the zero 
mode fluctuations of the metric field. These independent 
metric fluctuations do not exist in Internal Relativity and 
it follows that the spectrum of tensor metric perturbation 
is far smaller than the ratio given in equation (fl8|) . We 
note that in this respect Internal Relativity makes the 
same prediction as the computational universe Q and 
quantum graphity @, @] • 



V. PHASE TRANSITIONS 

In this section we want to review the behavior of the 
two-point correlation function G(x) for the order param- 
eter 9 in the vicinity of a second-order phase transition. 
We start in the disordered phase with a temperature T 
that is larger than the critical temperature T c . This 
phase is characterized by a correlation length £. Val- 
ues of 9 that are separated by more than the correlation 
length are essentially uncorrelated. The correlation func- 
tion has the general form 



e -M/f 

Gt>tAx) ~ ^r^r, T > T c 



■r 



d-2 



(23) 



where d is the spatial dimension of the system. In the 
examples we are interested in here we have d = 3. As 
the temperature T approaches the critical temperature 
T c the correlation length £ diverges. The divergence of 
£ is described by some critical exponent v > and is of 
the form 



T-T r 



Tr 



(24) 



When the temperature T reaches the critical temperature 
T c the exponential in equation (j2"3")) becomes unity and 
the correlation function now reads 



Gt=t c (x) 



1 



Id— 2 ' 



T = T B 



(25) 



When the temperature falls further the system transi- 
tions to the ordered state. The correlation function is 
now simply given by a constant. 



System 



Mean-field 

3D theory 
n=l (Ising) 
n=2 (xy-model) 
n=3 (Heisenberg) 

Experiment 
3D n=l 



0.04 
0.04 
0.04 



0.03 - 0.06 



G 



T<T, 



(x) 



const. 



(26) 



This table has been adapted from S\. n is the dimension of 
the order parameter. 



It turns out that the above behavior of the correlation 
function is somewhat too simple. During the phase tran- 
sition fluctuations on all length scales are important. 
Even a tiny length scale like a lattice constant in a con- 
densed matter system will show up by slightly changing 
the exponents in the above expressions for the correlation 
function. The actual behavior of the correlation function 
is given in table [IJ All exponents are adjusted by a small 
deviation rj. We have gathered the typical values for this 
critical exponent rj in table [Til (this table is an adaptation 
of a table in [8|). 



VI. COSMOLOGY 

In this section we now investigate what Internal Rel- 
ativity has to say about early universe cosmology. The 
situation that we are imagining is the one discussed in the 
introduction and depicted in figure [1] We are looking at 
a system that undergoes a second order phase transition. 
During the phase transition the system goes from a dis- 
ordered phase to an ordered phase. We are interested 
in the traces the phase transition leaves in the ordered 
phase. How does the phase transition look like for an 
observer in the ordered phase looking back at the tran- 
sition? Before we answer this question we remark that 
this scenario immediately solves the horizon problem. 

The microwave radiation that we observe today trav- 
eled through the universe essentially unobstructed since 
it last scattered when the universe became transparent 
at the time of recombination. As mentioned above, the 
cosmic microwave background is uniform to about one 
part in 10 5 . This suggests that all parts of the surface 
of last scattering have been in causal contact at some 
point to achieve this uniformity. In pre-inflationary cos- 
mology this was unfortunately not the case (see figure 
[3]). The great uniformity of the microwave background 
thus becomes a problem: the horizon problem. In our 
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FIG. 3: The horizon problem. The microwave background is 
uniform to one part in 10 J . This suggests that all parts of the 
surface of last scattering have been in causal contact with each 
other at some point. In standard pre-inflation cosmology this 
is not the case. This diagram shows that the particle horizon 
at recombination is much smaller then the part of surface of 
last scattering that is visible to us. 



scenario this conundrum is immediately resolved. The 
horizon problem as we have stated it here requires for its 
formulation that the notion of locality as it is given by 
the local light cones never changes. In our scenario this 
is precisely not the case. The notion of locality that we 
infer in Internal Relativity through the light excitations 
of our model is only available in the ordered phase. There 
is no sense of locality in the unordered phase. Further- 
more we have seen in section [V] on phase transitions that 
the correlation length £ diverges at the phase transition. 
All parts of the system become correlated. The horizon 
problem thus seizes to be a problem in our setup. 

We now turn our attention to the spectrum. We want 
to calculate the spectrum 8\ of the metric perturbations. 
In section HVl on Internal Relativity we have seen that the 
metric perturbation $ is proportional to the order param- 
eter 9. We thus have to calculate Sj. From section HT1 we 
know that the spectral density 6g is related to the two- 
point correlation function G(x). We are interested here 
in the form of the correlation function after the phase 
transition. From equation Q26[) we know what the form 
of the correlation function is. Using also equation © we 
find: 

6%(k) ~ 6$(k) (27) 
~ k 3 G T<Tc (k) (28) 

~ fc3 ji ( 2 9) 
= const. (30) 

We thus find a flat spectrum. In the next section we in- 
vestigate what this picture has to say about the observed 
tilt of the spectrum. 



VII. THE TILT 

In the preceding section we have found a flat spec- 
trum of metric perturbations. Observations show that 
the spectrum is not exactly flat but is of the form given 
in equation {!]). In our derivation of the spectrum we 
have used the correlation function Gt<t c - When one 
compares it to Gt=t c and Gt>t c one sees that the crit- 
ical exponent r\ makes no appearance. This is no coinci- 
dence because Gt<t c is the correlation function for the 
ground state of the model. It retains no memory of the 
fact that the ground state was reached via a phase tran- 
sition. Could it be that the correlation function Gt<t c 
from equation (|26[) is too simple in that it does not accu- 
rately reflect the origin of the state in a phase transition? 
Comparing the range of the critical exponent r\ from table 
HJwith the observed value of the spectral tilt in equation 
((2|) this is indeed an intriguing possibility. 

The question that we are asking here is unfortunately 
a question that is concerned with the dynamic nature 
of the actual phase transition. We are asking what hap- 
pens when we change the temperature of the system from 
T = T c to T = T c — e for some small e? Unfortunately, 
this type of question has received not nearly as much at- 
tention as the behavior of the system before and at the 
phase transition. The reason for this is that this last part 
of the transition is governed by the highly non-trivial dy- 
namics of the full system and does not admit any sim- 
plifying assumptions. The answer to this question is also 
not likely to be universal. It is conceivable that the exact 
form of the correlation function after the phase transition 
depends on how the system underwent the transition. It 
might matter whether the transition was fast or slow. 

In the absence of a better understanding of a phase 
transition we are forced to rely on arguments and conjec- 
tures. We first note that the correlation functions Gt=t c 
and Gt<t c are both scale free. Both are just powers 
of k. We would assume that whatever the modification 
of Gt<t c due to the transition is, it does not spoil this 
property. We thus expect that the real G' T<Tc is also just 
a power of k: 

G' T<Ta {k)~k\ (31) 

for some exponent 7. Since we have 7 = for the true 
ground state we can assume furthermore that 7 is small: 

M « 1 (32) 

In the next step we link 7 to the critical exponent 77. The 
form of the correlation functions Gt>t c and Gx=T a in 
equations (|2"3"|) and ([23)1 follows from assumptions about 
the isotropy of the free energy of the system Q • The crit- 
ical exponent rj indicates a deviation of the actual behav- 
ior of the correlation function from this simple behavior 
that is due to the presence of another scale, namely the 
lattice spacing. Near the phase transition fluctuations of 
all scales occur and the presence of the lattice scale up in 
the critical exponent rj. We now assume that the influ- 
ence of the lattice is still felt in the final transition and 



6 



that the effect is roughly of the same size as before the 
transition: 

l7l - V- (33) 

This leaves us with the question of the sign of 7. The 
sign of 77 in table U is negative which implies that rj will 
appear with a positive sign in the Fourier transform of the 
correlation function (see equation (jHJ). We thus have to 
assume that the dynamics effect of the transition is such 
that it reverses the sign of the exponent. In this case we 
have 

7 * -V- (34) 

It is somewhat disappointing that the connection be- 
tween 7 and 77 can not be established more forcefully. 
The possibility of such a connection is worth mentioning 
though because it would be a strong indication that the 
observed spectral tilt of the microwave background radi- 
ation is a sign of a fundamental discreteness in nature. 

It is not clear that the problem encountered above can 
be resolved using theoretical methods. One should be 
able though to clarify the situation using laboratory ex- 
periments. In this paper we are proposing to think of 
the universe as a solid state model. In the analysis above 
we use very generic features of such solid state models. 
The question of the behavior of the correlation function 
Gt<t c should be verifiable in a table-top solid state ex- 
periment. 

VIII. DISCUSSION 

Inflation has been very successful in describing the ob- 
served spectrum of the microwave background. In this 
paper we are proposing to replace inflation with a phase 
transition. The nature of the phase transition is rather 
radical in that it creates the smooth spacetime that we 
find around us. Before this transition our familiar notions 
of space, time, and locality do not exist. Such a transi- 
tion is possible in Internal Relativity, a new approach to 
the problem of quantum gravity. In Internal Relativity 
geometry is derived from the dynamic behavior of mat- 
ter. If the matter is emergent then so is the geometry. 
Here we have shown that the effect of such a transition 
is a flat spectrum of metric perturbations: 

5l(k) = const. (35) 

We have furthermore argued that because of the dynamic 
nature of the phase transition the spectrum is actually of 
the form 

6%{k) ~ k-\ (36) 

where 77 is a critical exponent. Typical values for this 
critical exponent are given in table [TTJ With these values 
the spectrum calculated here becomes a very good fit 
with the observed spectrum of equations fl} and @. 



An intriguing aspect of the above picture is that it 
gives an indication of a fundamental discreteness of na- 
ture. The presence of the critical exponent 77 is usually 
understood as indicating the presence of another length 
scale in the problem. In ordinary solid state models this 
is the lattice spacing. In our setting it indicates a new 
fundamental scale. The tilt of the microwave background 
spectrum can then be viewed as an observation of dis- 
creteness in nature. 

An uncertain point in the above argument is the exact 
behavior of the correlation function Gt<t c - We have 
argued that the behavior of Gt<t c is such that we obtain 
the desired spectrum. Unfortunately we are not able to 
prove that this is the case. It is also not clear whether 
such a proof is possible. This is because the behavior 
that we are interested in is the non-universal behavior of 
a quantum many-body system. It seems possible though 
to investigate this problem using laboratory solid-state 
experiments. 

Because we are radically changing notions of locality 
we can also address the horizon problem in cosmology. 
Before the phase transition our current notion of locality 
does not exist because the matter degrees that define 
locality have not emerged yet. This change of locality can 
be compared to the change of locality in [Hj and [ll| . In 
[lOl [ll[ the authors discuss the effects of a varying speed 
of light. Our approach is more radical in that we discuss 
the emergence of light. It is not that the properties of 
light are changing but that light does not exist in one 
phase of the system and only appears after the phase 
transition. 

The horizon problem is also tackled in quantum 
graphity [1, 0). In this work space is created starting 
from a complete graph, i.e. a set of points that are all 
connected to each other. The authors then provide a 
Hamiltonian that erases edges from this complete graph 
to end up with a regular graph as a discrete model of a 
smooth spacetime. Since all points of space have been in 
contact at one point the horizon problem does not arise. 
It is not yet clear how different this point of view is to 
the one presented in this paper. One thing to note is that 
ultimately the geometry in quantum graphity is obtained 
internally through the available degrees of freedom. The 
system will have to go through a matter creating tran- 
sition like the one described here after the basic lattice 
has been created. The arguments presented here should 
thus apply to this second transition and it is not clear 
whether the first transition to the regular lattice makes 
any discernible contribution. 

We also have to compare our approach to Inflation. 
Inflation has been extremely successful in describing the 
spectrum of the microwave background. It does so at 
the cost of introducing a hitherto unknown scalar field 
together with a potential that can be adjusted to fit the 
observations. As we have seen in section IIIII the total 
amount of freedom can be reduced to three parameters: 
the two slow-role parameters together with the overall 
amplitude of the perturbations. Compared to this our 
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scenario is rather more constrained. The numbers we 
use are those of generic solid state systems. The critical 
exponent r/ is always in the narrow range seen in table 
HTl and can not be freely adjusted. The price to pay is 
of course a rather big change in the basic setup of the 
fundamental setup of the theory. 

The idea to replace inflation with a phase transition 
has appeared before in the context of string theory [ll| • 
Here the transition is from a Hagedorn phase to the 
radiation-dominated phase of standard cosmology. The 
extended nature of strings is responsible for the correct 
scaling of the resulting metric perturbations. The phase 
transition discussed here is quite different from the one 
we have in mind though. In cosmological perturba- 
tion theory is used throughout and the notion of a space- 
time is always applicable. In our approach the notion of 
a spacetime geometry is only applicable after the phase 
transition. We argue that it is the creation of spacetime 
itself that gave rise to the metric perturbations rather 
then the particular behavior of certain matter in an al- 
ready existing spacetime. 

We finally want to comment on 13], another approach 
to early universe cosmology that makes use of a phase 
transition. The phase transition described in[13[ is a 
transition within a quantum theory of metrics. The au- 
thors argue that such a quantum theory of metrics has 
at least two phases. One phase is well described by a 
classical metric that obeys the Einstein equations and 
the other phase is a high temperature phase that is a 
quantum superposition of metrics that can not be well 
described by just one classical metric. The claim is then 
that the observed spectrum of the microwave background 
radiation is a relic of the transition from the high to the 
low temperature phase. 



One difference to the mechanism presented in this pa- 
per is that the theory is based on a quantum theory of 
metrics. The Einstein action is assumed to be valid even 
in the high temperature phase. Internal relativity is dif- 
ferent in that the presence of a metric is tied to the pres- 
ence of matter. Fundamentally it is not a quantum theory 
of metrics. 

Another problem with a quantum theory of metrics, 
i.e. with a quantization of gravity, is that so far we 
have failed to construct such a theory. We know very 
little about how to construct the theory, investigate its 
phase diagram, or describe transitions between the dif- 
ferent phases. In [l3| this problem is circumvented by 
appealing to the holographic principle in the high tem- 
perature phase. If we understood the theory we should 
be able to derive such a principle from it. Without this 
understanding the principle is very much disconnected 
from the fundamental setup. 
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